Accumulating in vitro evidence suggests that the p38 mitogenactivated protein kinase (MAPK) pathway is involved in endochondral ossification. To investigate the role of this pathway in endochondral ossification, we generated transgenic mice with expression in chondrocytes of a constitutively active mutant of MKK6, a MAPK kinase that specifically activates p38. These mice had a dwarf phenotype characterized by reduced chondrocyte proliferation, inhibition of hypertrophic chondrocyte differentiation, and a delay in the formation of primary and secondary ossification centers. Histological analysis with in situ hybridization showed reduced expression of Indian hedgehog, PTH͞PTH-related peptide receptor (PTH, parathyroid hormone), cyclin D1, and increased expression of p21 in chondrocytes. In addition, both in vivo and in transfected cells, p38 signaling increased the transcriptional activity of Sox9, a transcription factor essential for chondrocyte differentiation. In agreement with this observation, transgenic mice that express a constitutively active mutant of MKK6 in chondrocytes showed phenotypes similar to those of mice that overexpress SOX9 in chondrocytes. These observations are consistent with the notion that increased activity of Sox9 accounts at least in part for the phenotype caused by constitutive activation of MKK6 in chondrocytes. Therefore, our study provides in vivo evidence for the role of p38 in endochondral ossification and suggests that Sox9 is a likely downstream target of the p38 MAPK pathway.
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ossification ͉ p38 ͉ Sox9 E ndochondral ossification, a process involving a cartilage intermediate, is responsible for the formation of most vertebrate skeletal elements. After the condensation of mesenchymal chondroprogenitor cells (1) , cells differentiate into chondrocytes, which express cartilaginous matrix molecules and form cartilage that prefigures future skeletal elements. Endochondral bone growth takes place at the growth plate, where chondrocytes undergo unidirectional proliferation and then become hypertrophic chondrocytes. Hypertrophic chondrocytes eventually undergo apoptosis and are replaced by bone cells (2) . This complex process of endochondral ossification is under the concerted regulation of various cytokines and growth factors, including fibroblast growth factors (FGFs), parathyroid hormone (PTH)-related peptide, Indian hedgehog (Ihh), and bone morphogenetic proteins (3) (4) (5) (6) (7) .
Several transcription factors, including Sox9, Sox5, Sox6, Osterix, and Runx2, have critical roles in endochondral ossification (8) (9) (10) (11) (12) . In particular, we previously showed that Sox9 has an essential role at sequential steps in the chondrocyte differentiation pathway (8, 9) . Indeed, Sox9 is needed for the condensation of chondrogenic mesenchymal cells; it is also required for the overt differentiation of these cells into chondrocytes, in part because Sox9 is needed for the expression of Sox5 and Sox6, which are also needed at this step. A further role for Sox9 is inhibition of the proliferation of chondrocytes and of the transition of these cells into hypertrophic chondrocytes. Identification of the mechanisms that control expression and activity of Sox9 would provide important insights into the regulation of endochondral ossification.
We previously showed that the extracellular signal-regulated kinase (ERK)1͞ERK2 mitogen-activated protein kinase (MAPK) pathway mediates the up-regulation of Sox9 expression by FGF in mouse primary chondrocytes (13) . The MAPK pathways, which are activated by various stimuli in eukaryotic cells, transduce extracellular signals into cells, thereby coordinating appropriate responses. The MAPK pathways are generally organized into three kinase modules, i.e., MAPK, MAPK kinase (MAPKK), and MAPKK kinase (MAPKKK). MAPKKK phosphorylates and activates MAPKK, which in turn phosphorylates and activates MAPK (14, 15) . A number of reports have implicated the role of the MAPK pathways in chondrocyte differentiation. Indeed, we recently showed that constitutive activation of the MEK1-MAPK pathway in chondrocytes in transgenic mice inhibits hypertrophic chondrocyte differentiation and causes a dwarf phenotype without a decrease in cell proliferation (16) . The p38 MAPK pathway, another subfamily of the MAPK pathways, has also been shown to affect chondrocyte differentiation in chondrocyte cultures (17) (18) (19) (20) (21) (22) (23) . p38 MAPKs consist of four isoforms, all of which are activated by MKK6, an upstream MAPKK (24) . A number of in vitro studies have suggested that p38 potentially regulates chondrocyte proliferation. However, both proliferative and antiproliferative effects have been reported based on the effects of p38 inhibitors in a number of culture systems (18, 21, 25, 26) . Therefore, examining how increased or decreased p38 activity in chondrocytes affects chondrocyte differentiation, proliferation, and the entire process of endochondral ossification in intact animals is of considerable interest.
To study the role of p38 in chondrocyte differentiation in vivo, we generated transgenic mice that express in chondrocytes a constitutively active mutant of MKK6, a MAPKK that specifically activates p38. These mice had a dwarf phenotype characterized by reduced chondrocyte proliferation, inhibition of hypertrophic chondrocyte differentiation, and a delay in the formation of primary and secondary ossification centers. Signaling by p38 also increased the activity of a Sox9-dependent reporter. Therefore, our study provides in vivo evidence for the role of p38 in endochondral ossification and suggests that Sox9 is a likely downstream target of the p38 MAPK pathway. phosphorylated forms, were present in primary chondrocytes (Fig.  1B) . Immunohistochemistry further indicated that both p38 and phosphorylated MKK6 were present in chondrocytes throughout the growth plate, suggesting that the p38 MAPK pathway is active in these cells (Fig. 1C) . As shown previously, Sox9 was expressed in chondrocytes throughout the growth plate, except hypertrophic chondrocytes (Fig. 1C) ; hence, MKK6, p38, and Sox9 are present in chondrocytes in the growth plate.
Generation of Transgenic Mice. To examine the role of the p38 MAPK pathway in chondrocytes, we generated transgenic mice that express in chondrocytes a constitutively active MKK6 mutant (MKK6EE). The LacZ gene preceded by an internal ribosome entry site was placed downstream from the MKK6EE cDNA (Fig.  1 A) . Eight of 10 founder mice expressed the transgene based on X-Gal staining of tail cartilage. X-Gal staining of embryonic day 14.5 (E14.5) embryos further showed that the transgene was expressed in a cartilage-specific manner (Fig. 1D) . Histological examination showed that the transgene was expressed in all chondrocytes with reduced staining in hypertrophic chondrocytes (data not shown). Western blot analysis of primary chondrocytes isolated from transgenic mice with an anti-hemagglutinin (HA) antibody showed that the MKK6EE that is tagged with two copies of the HA epitope (2HAMKK6) was expressed in chondrocytes (Fig. 1E) , whereas Western blot analysis with an anti-MKK6 antibody showed that 2HAMKK6 migrated more slowly than the endogenous MKK6 (Fig. 1F) . The expression level of the mutant MKK6 was 5-10% of that of the endogenous MKK6 in homozygous transgenic mice.
Expression of a Constitutively Active Mutant of MKK6 in Chondrocytes
Delays Endochondral Bone Formation. Transgenic mouse lines were established from five founder mice that were selected based on the intensity of X-Gal staining of their tail cartilage. These heterozygous transgenic mice displayed normal growth; however, mice homozygous for the transgene from four of the five lines had a dwarf phenotype. One line with the most intense X-Gal staining and a marked dwarf phenotype was used for further analysis ( Fig.  2A) . Skeletal preparations showed that transgenic mice had a shortened axial and appendicular skeleton (Fig. 2B ). At 3 weeks of age, the average length of long bones was decreased by Ϸ20% and 30% in male and female transgenic mice, respectively ( Table 1 , which is published as supporting information on the PNAS web site).
Epiphyseal growth plates of the long bones were examined histologically at various time points between E13.5 and postnatal day 21 (P21). At E13.5, hypertrophic chondrocytes were present in wild type but were absent in transgenic embryos ( Fig. 3 A and B) . At E14.5, hypertrophic chondrocytes were seen both in wild type and transgenic embryos at the center of long bones; however, the zone of hypertrophic chondrocytes was markedly reduced in the transgenic embryos ( Fig. 3 E and F) . These results strongly suggested a delay in formation of hypertrophic chondrocytes. This was further confirmed by in situ hybridization for Col10a1, a specific marker for hypertrophic chondrocytes ( Fig. 3 C and D) . We also examined expression of osteopontin, a marker for both terminally differentiated chondrocytes and osteoblasts, by in situ hybridization at E15.5. In wild-type embryos, osteopontin was expressed in terminally differentiated hypertrophic chondrocytes as well as in osteoblasts, whereas in transgenic embryos, much less osteopontin was expressed ( Fig. 3 M and N) , supporting the view that constitutive activation of MKK6 inhibits hypertrophic chondrocyte differentiation. At E15.5, the zone of hypertrophic chondrocytes was separated by the developing primary ossification center in wild-type embryos, whereas no bone tissues had replaced the hypertrophic chondrocytes in transgenic embryos, indicating a delay in the formation of the primary ossification center ( Fig. 3 G and H) . Consistent with the histological analysis, the expression domains of Col2a1 were separated by bone tissues at the center of long bones in wild-type embryos, whereas those in transgenic embryos were continuous with reduced expression at the center where hypertrophic chondrocytes were present ( Fig. 3 I and J) . Similarly, expression domains of Col10a1 were separated by bone tissues in the growth plates of wild-type embryos, whereas Col10a1 expression was observed at the center corresponding to the zone of hypertrophic chondrocytes in transgenic embryos ( Fig. 3 K and L) . von Kossa staining further demonstrated that cartilage mineralization and bone collar formation were delayed in transgenic embryos ( Fig.  3 O and P). At P9, the secondary ossification center in the middle of the epiphysis was much smaller in transgenic than in wild-type mice, indicating a delay in the formation of the secondary ossification center (Fig. 3 Q and R) . At P21, the overall size of the epiphysis and secondary ossification center was much reduced in transgenic mice (Fig. 3 S and T) . In addition, the zone of hypertrophic chondrocytes in the growth plate was also reduced in transgenic mice (Fig. 3 U and V) . These results indicated that constitutive activation of the p38 MAPK pathway in chondrocytes delays hypertrophic chondrocyte maturation as well as the formation of both primary and secondary ossification centers.
Chondrocyte Proliferation Is Reduced in Transgenic Mice. To examine the mechanisms that caused the dwarf phenotype, we examined chondrocyte proliferation and apoptosis. To examine chondrocyte proliferation, mice were killed 2.5 h after i.p. BrdUrd injection. Immunostaining was then performed to detect cells that incorporated BrdUrd in the proximal growth plates of the tibia at P9 and P21 (Fig. 4) . At P9, the number of BrdUrd-incorporating cells in the proliferating zone was 520 Ϯ 24 and 244 Ϯ 20 cells͞mm 2 for wild-type and transgenic mice, respectively; the percentage of BrdUrd-incorporating cells was 18.6% and 10.6%, respectively, indicating statistically significant reduction in chondrocyte proliferation in transgenic mice (P Ͻ 0.01). At P21, chondrocyte proliferation was also reduced in transgenic mice (P Ͻ 0.01). At P21, the number of BrdUrd-incorporating cells in the proliferating zone was 385 Ϯ 19 and 165 Ϯ 31 cells͞mm 2 for wild-type and transgenic mice, respectively; the percentage of BrdUrd-incorporating cells was 12.0% and 5.1%, respectively. These observations suggested that reduced chondrocyte proliferation could account for the dwarf phenotype of the transgenic mice. To examine apoptosis, we performed TUNEL assay for mice at E14.5, E15.5, P9, and P21. No significant difference of apoptosis was detected between wild-type and transgenic mice (data not shown).
Expression of PTH͞PTH-Related Peptide Receptor (PPR), Ihh, Cyclin D1, and p21. To further characterize the phenotype of transgenic mice, we examined the expression of PPR and Ihh, which have been shown to positively regulate chondrocyte proliferation (27, 28) . We found that PPR and Ihh expression was reduced in transgenic embryos at E15.5 (Fig. 5) , although it is possible that this reduction may be linked to the delay in hypertrophic chondrocyte differentiation. We further examined the cell cycle regulators cyclin D1 and p21. In wild-type embryos, cyclin D1 expression was detected in the resting and proliferating chondrocytes, with more intense signals in bone tissues. However, in transgenic embryos, cyclin D1 expression in chondrocytes was reduced (Fig. 5) . This is consistent with previous reports of other cell types showing inhibitory effects of p38 on cyclin D1 expression (29, 30) . In contrast, expression of p21 was increased in the zones of proliferating and resting chondrocytes in transgenic embryos (Fig. 5) . The decreased expression of cyclin D1 and increased expression of p21 in transgenic embryos are consistent with the phenotype of reduced chondrocyte proliferation. Because Sox9 has an essential role in chondrocyte differentiation, we examined whether SOX9 activity is affected by the p38 MAPK pathway. COS7 cells, which do not express endogenous Sox9, were transfected with a SOX9 expression vector and a luciferase construct harboring four tandem copies of a SOX9-dependent 48-bp enhancer in Col2a1. Luciferase expression in COS7 cells transfected with this plasmid depends completely on SOX9. Coexpression of MKK6EE further increased the activity of the SOX9-dependent Col2a1 enhancer by Ϸ5-fold (Fig. 6A) . Western blot analysis showed that SOX9 protein levels were not increased under these conditions (Fig. 6B) . This increase in enhancer activity was not observed in a mutant enhancer construct harboring mutations that abolish SOX9 binding and virtually eliminate enhancer activity (Fig. 6C) . These data strongly suggested that activation of the p38 pathway results in increased activity of SOX9. In addition, the increased activity of the SOX9-dependent Col2a1 enhancer by MKK6EE was also observed in primary chondrocytes; this increase was abolished by the p38-specific inhibitors, SB202190, SB203580, and SB220025 (Fig. 6D) . Furthermore, a Ͼ5-fold increase in enhancer activity was also observed with the coexpression of a constitutively active mutant of MKK3, another MAPKK that specifically activates p38; this increase was abolished by the coexpression of the p38 phosphatase, MKP5 (data not shown). It is noteworthy that these p38-specific inhibitors decreased the activity of the SOX9-dependent Col2a1 enhancer in primary chondrocytes not transfected with MKK6EE (Fig. 6D) , suggesting that the p38 pathway plays a role in maintaining Sox9 activity in these cells. Treatment of primary chondrocytes with p38 In situ hybridization at E15.5 for PPR, Ihh, p21, and cyclin D1. Expression of a constitutively active MKK6 down-regulated PPR, Ihh, cyclin D1, and up-regulated p21 in chondrocytes. Wt, wild type; Tg, transgenic. Western blot analysis showed that SOX9 protein levels were not increased under these conditions. (C) This increase in enhancer activity was not observed in a mutant enhancer construct harboring mutations that abolish SOX9 binding. Note that in A (wild-type enhancer) and C (mutant enhancer), luciferase activity obtained in the presence of SOX9 was set to 1. The actual values of luciferase were Ͼ100 times higher with the wild-type enhancer than with the mutant enhancer in the presence of SOX9. (D) In primary chondrocytes, coexpression of MKK6EE further increased the activity of the SOX9-dependent 48-bp enhancer by Ͼ5-fold, and this increase was abolished by 10 M of p38-specific inhibitors, SB202190, SB203580, and SB220025. In contrast, 10 M of an inhibitor for MAPK-activated protein kinase 2 (MAPKAP2), a downstream kinase of p38, did not abolish the increased enhancer activity, suggesting that MAPKAP2 is not involved. (E) Northern blot analysis showed that treatment of primary chondrocytes with the p38 inhibitors decreased the expression of Col2a1, a downstream target of Sox9, without affecting Sox9 RNA levels, further supporting the hypothesis that p38 plays a role in regulating Sox9 activity in chondrocytes. (F) Schematic representation of the construct used to generate transgenic mice harboring a luciferase reporter under the control of a 309-bp Col2a1 promoter and five copies of the 48-bp Col2a1 enhancer. (G) In mice that were homozygous for the MKK6EE transgene (MKK6EEϩ͞ϩ) and also heterozygous for the luciferase transgene (Lucϩ͞Ϫ), luciferase activity in cartilage extracts showed a 2-fold increase (P Ͻ 0.05) compared with cartilage extracts of newborn mice without the MKK6EE transgene, and levels of Sox9 were comparable. This strongly suggested that Sox9 activity was increased in transgenic mice that express MKK6EE in chondrocytes. Western blot analysis for Sox9 was performed for multiple litters, and consistent results were obtained. Luciferase activity was expressed as the value for 1 g of total protein.
inhibitors decreased the expression of Col2a1, a downstream target of Sox9, without affecting Sox9 RNA levels (Fig. 6E) . This observation is consistent with the hypothesis that p38 plays a role in regulating Sox9 activity in chondrocytes.
To examine whether Sox9 activity was increased in chondrocytes of transgenic mice that express MKK6EE in these cells, we generated mice harboring a luciferase reporter under the control of a 309-bp Col2a1 promoter and five copies of the 48-bp Col2a1 enhancer (Fig. 6F) . The 309-bp Col2a1 promoter is not active by itself in chondrocytes of transgenic mice, and its activity is not affected by SOX9 in transient transfection experiments (31) . In mice that were homozygous for the MKK6EE transgene and that also contained the luciferase transgene, luciferase activity in cartilage extracts showed a 2-fold increase compared with cartilage extracts from newborn mice without the MKK6EE transgene (P Ͻ 0.05), and the levels of Sox9 were comparable (Fig. 6G) . These results are compatible with the notion that, as in DNA transfection experiments, Sox9 activity was increased in transgenic mice that express MKK6EE in chondrocytes.
To examine the mechanism of the increase in SOX9 activity, fusion polypeptides were generated that fused the SOX9 segment (residues 402-475) to the Gal4 DNA-binding domain (Fig. 7 , which is published as supporting information on the PNAS web site). In cotransfection experiments in COS7 cells, the fusion protein still showed increased activity when coexpressed with MKK6EE (Fig.  7) . This suggested that the segment of SOX9 from 402 to 475 was involved in the p38-mediated increased Sox9 activity. A mutant was generated in which serine-to-alanine mutations were introduced in all five of the potential MAPK phosphorylation sites within this segment. These five mutations in the mutant did not abolish the increased activity caused by MKK6EE (Fig. 7) , suggesting that the increase in SOX9 activity was not due to direct phosphorylation of SOX9 by p38. These observations raised the possibility that the increase in SOX9 activity by p38 could be mediated through phosphorylation of a coactivator.
Discussion
The p38 MAPK pathway has recently emerged as another MAPK pathway that has a role in endochondral ossification based on evidence in tissue culture cells. To investigate the role of the p38 MAPK pathway in chondrocytes in vivo, we generated transgenic mice that express a constitutively active mutant of MKK6 in chondrocytes. Here we show that constitutive activation of MKK6 signaling in chondrocytes results in dwarfism and a delay in endochondral ossification, associated with reduced chondrocyte proliferation and inhibition of hypertrophic chondrocyte differentiation.
During chondrocyte differentiation, chondrocytes undergo unidirectional proliferation, resulting in parallel stacks of cells, and subsequently undergo hypertrophy. This process is largely responsible for the longitudinal growth of bones (32) . Therefore, reduced chondrocyte proliferation could account, at least in part, for the dwarf phenotype in these mice. To gain an understanding of the mechanism of reduced chondrocyte proliferation, we examined expression of Ihh, PPR, and cell cycle regulators, cyclin D1 and p21, which have been demonstrated to have a role in chondrocyte proliferation (27, 28, (33) (34) (35) . Signals for Ihh, PPR, and cyclin D1 RNAs were decreased, whereas p21 was up-regulated in the transgenic embryos that express MKK6EE in chondrocytes. Therefore, these results strongly suggest that the p38 MAPK pathway might coordinately regulate Ihh and PPR as well as the cell cycle regulators cyclin D1 and p21 to inhibit chondrocyte proliferation.
Because Sox9 has been demonstrated to play an essential role in chondrocyte differentiation and also functions to inhibit chondrocyte proliferation, we examined whether p38 signaling affects either Sox9 activity or expression. A role of p38 in regulating Sox9 activity has been suggested in limb mesenchymal cells in culture (23) . In agreement with these observations, cotransfection experiments with SOX9 and MKK6EE, or a constitutively active mutant of MKK3 in COS7 cells and primary chondrocytes, suggested that SOX9 activity was increased in these cells. We also present evidence consistent with an increase in Sox9 activity in chondrocytes of transgenic mice that express MKK6EE in these cells. Interestingly, the phenotypes of these transgenic mice were similar to those of mice with increased expression of SOX9 in chondrocytes (36) . Mice from both lines showed similar dwarfism characterized by a delay in hypertrophic chondrocyte differentiation and endochondral ossification, decreased chondrocyte proliferation, and reduced cyclin D1 expression. Therefore, the similarity in phenotypes between the two mouse lines supports the notion that increased Sox9 activity has a role in the decreased chondrocyte proliferation in transgenic mice that express MKK6EE. Our previous work indicated that the transcriptional activity of SOX9 was increased by PTH-related peptide (PTHrP) (46) , supporting the notion that Sox9 might mediate, at least in part, the effect of PTHrP in inhibiting hypertrophic chondrocyte differentiation. Transgenic mice that express MKK6EE showed a delay in hypertrophic chondrocyte differentiation, despite a reduced expression of PPR. We hypothesize that the increase in the transcriptional activity of Sox9 by MKK6 will, in large part, cause the inhibition of proliferation and the delay in hypertrophy, despite the apparent decrease in the expression of PPR.
Previous in vitro studies have implicated both the p38 and ERK1͞ERK2 MAPK pathways in chondrocyte differentiation. Recently, we generated transgenic mice that express a constitutively active mutant of MEK1 in chondrocytes (16) . These mice showed a dwarf phenotype characterized by inhibition of hypertrophic chondrocyte differentiation and a delay in endochondral ossification. Interestingly, these mice did not show reduced chondrocyte proliferation, which is in remarkable contrast with the phenotype of transgenic mice that express a constitutively active mutant of MKK6. These observations strongly suggest that the ERK1͞ERK2 and p38 MAPK pathways play distinct roles in endochondral ossification.
Various cytokines and growth factors have been shown to activate the p38 MAPK pathway in chondrocytes. These include FGFs, bone morphogenetic proteins, TGF-␤, and IL-1 (18, (37) (38) (39) . Among these, FGFs have been shown to negatively regulate chondrocyte proliferation and bone growth. Activating mutations of FGF receptor 3 (FGFR3) cause the most common forms of human dwarfism: achondroplasia, hypochondroplasia, and thanatophoric dysplasia (40) (41) (42) . Our previous study of transgenic mice that express a constitutively active mutant of MEK1 in chondrocytes strongly suggested that the ERK1͞ERK2 MAPK pathway plays an important role in FGFR3 signaling (16) . However, despite the presence of an achondroplasia-like dwarfism characterized by inhibition of hypertrophic chondrocyte differentiation and a delay in endochondral ossification, these mice did not show reduced chondrocyte proliferation, indicating the presence of additional pathways that act downstream from FGFR3 to inhibit chondrocyte proliferation. Consistent with these observations, the reduced chondrocyte proliferation in mice that express a human achondroplasia mutant of FGFR3 was at least partially rescued by loss of Stat1, another signaling molecule implicated in FGFR3 signaling. Because FGF also activates the p38 MAPK pathway in chondrocytes (ref. 18 ; data not shown), it is possible that antiproliferative effects of FGFR3 are mediated by both p38 and Stat1. In addition, p38 may also have a role in the delayed endochondral ossification caused by increased FGFR3 signaling.
Taken together, our results provide in vivo evidence that the p38 MAPK pathway delays endochondral ossification and reduces chondrocyte proliferation. Histological analysis using in situ hybridization showed that p38 signaling in chondrocytes down-regulates Ihh, PPR, and cyclin D1 and up-regulates p21. In addition, p38 signaling increases the activity of Sox9, a master transcription factor in chondrocyte differentiation. Further biochemistry and genetic experiments to analyze the role of the p38 MAPK pathway may provide important insights into the mechanisms of endochondral ossification and human skeletal disorders.
Materials and Methods
Mice. To express the transgene in chondrocytes, the cDNA encoding an HA-tagged constitutively active mutant of MKK6 (S207E͞ T211E) was cloned into a vector containing 3 kb of the Col2a1 promoter and 3.02 kb of intron 1 sequences (31). The LacZ gene preceded by an internal ribosome entry site was placed downstream from the MKK6 mutant cDNA (Fig. 1 A) . The construct was microinjected into the pronuclei of fertilized B6D2F1 hybrid eggs to generate transgenic mice. X-Gal staining of tail cartilage was used to identify transgene-expressing founder mice. Copy numbers of the LacZ gene were estimated by using real-time PCR and used to identify transgenic mice that were homozygous for the transgene.
Transgenic mice containing a Sox9-dependent luciferase reporter gene were generated to examine the activity of endogenous Sox9 in chondrocytes. This transgene contains a 309-bp Col2a1 promoter, followed by Col2a1 exon 1, part of intron 1, in which five copies of a 48-bp chondrocyte enhancer were inserted before a splice acceptor and the luciferase reporter. Homogenized cartilage obtained from newborn mice was used to perform the luciferase assays.
Histological Analysis. Tissues were fixed in 10% formalin and embedded in paraffin. Seven-micrometer-thick sections were stained with hematoxylin͞eosin and alcian blue. Immunohistochemical staining was performed by using Peroxidase-conjugated polymer (Zymed) and TrueBlue substrate (KPL). The following antibodies were used: Sox9 (43), p38, and phospho-MKK3͞MKK6 (Cell Signaling Technology). RNA in situ hybridization was performed by using digoxigenin-or 35 S-UTP labeled riboprobes. To examine cell proliferation, BrdUrd staining kit (Zymed) was used to stain BrdUrd-incorporated cells for the mice killed 2.5 h after i.p. BrdUrd injection.
Plasmids, Cell Culture, and Transient Transfections. The cDNA encoding human SOX9 was cloned into the pGL3-control plasmid (Promega) to replace the luciferase gene. The 4 ϫ 48-p89 luciferase construct and its MA6 mutant were described previously (44, 45) . For some experiments, cells were incubated with 10 M of one of the p38 inhibitors, SB202190, SB203580, and SB220025 or the inhibitor of MAPK-activated protein kinase 2 (Calbiochem) for the last 12 h. Cell culture and transient transfections were described previously (13) .
